The peak position and linewidth of the low-frequency Raman mode observed from amorphous silica films embedded with Ge nanocrystals doped with Si show a size-independent behavior. Spectral analysis reveals the formation of a thin amorphous GeSi layer on the surface of the Ge nanocrystal. Theoretical calculation based on a modified three-region model discloses that the acoustic impedance of the interfacial GeSiO layer is responsible for the size-independent behavior. During high-temperature annealing, Ge atoms are segregated from the interface into the core, and the GeSiO interface layer is converted to SiO 2 , leading to disappearance of the size-independent vibration mode. Low-frequency Raman scattering from nanocrystals (NCs) is a useful tool for studying nanoscale optical and structural properties [1] [2] [3] [4] [5] [6] [7] . However, the complex surface structure of NCs renders the lowfrequency vibration mode variable [8, 9] . Lamb's theory is often used to interpret the surface acoustic vibration frequencies observed from free or embedded spherical NCs [10] . Considering the vibration coupling between the NCs and matrix induced by the lattice mismatch, a complex-frequency (CF) mode has recently been developed to calculate the dominant frequencies of acoustic vibration modes [9] [10] [11] . However, after considering the size distribution effect in a realistic system, the calculated Raman mode still has an FWHM larger than the experimental one [11, 12] . Furthermore, the complex microscopic details of the shell layer in the NC-embedded system makes theoretical interpretation more difficult. In this work, low-frequency Raman scattering from Ge NCembedded amorphous silica films is investigated. The low-frequency Raman peak, which is not affected by the NC size, is found to depend on the interfacial structure [13] , and a modified core-shell-matrix model is proposed to explain the observed results. SiO 2 / SiO 2 : Ge: Si/ SiO 2 samples about 3 m thick were prepared on cleaned Si (100) substrates [13] . In our experiment, the Ge and Si chips were placed on a large silica target and then cosputtered using 1 Pa Ar gas at 140 W power and room temperature. The areas of the Ge and Si chips on the silica target were P Ge = 4% and P Si = 0%, 2%, and 3%. Three sets of samples were deposited and then annealed at T a between 750°C and 1000°C in a N 2 ambient for 30 min. The sample morphologies were inspected by high-resolution transmission electron microscopy (HRTEM, JEOL-2010), and the Raman spectra were acquired on a T64000 triple Raman system. Figure 1 (a) depicts the general morphology of the three cosputtered products on the Si (100) substrates. This is a typical HRTEM image showing the NC embedded in the amorphous silica matrix after annealing at 950°C. The spherical NC has 0.325 nm lattices fringes, corresponding to the {111} plane of Ge. A typical Raman spectrum in the range of 10-700 cm −1 is shown in Fig. 1(b) from which it can be inferred that the formed particles are Ge NCs and the data are consistent with those produced by x-ray diffractions [13, 14] . In Fig. 1(a) , the NC is dispersed well in the amorphous matrix, and its size is about 5 nm. In addition, no apparent softer interfacial layer exists between the NC and surrounding amorphous matrix. −1 from the sample with P Ge = 4%, P Si = 2%, and T a = 850°C. (c) Raman spectra around the 300 cm −1 Ge-Ge optical phonon from the samples with P Ge = 4%, P Si = 3%, and T a = 850°C, 900°C, and 950°C. (d) Raman spectra of the Ge-Si vibration mode in the range of 400-450 cm −1 from the samples with P Ge = 4%, P Si = 2%, and T a = 850°C, 900°C, 950°C.
Low-frequency Raman scattering from nanocrystals (NCs) is a useful tool for studying nanoscale optical and structural properties [1] [2] [3] [4] [5] [6] [7] . However, the complex surface structure of NCs renders the lowfrequency vibration mode variable [8, 9 ]. Lamb's theory is often used to interpret the surface acoustic vibration frequencies observed from free or embedded spherical NCs [10] . Considering the vibration coupling between the NCs and matrix induced by the lattice mismatch, a complex-frequency (CF) mode has recently been developed to calculate the dominant frequencies of acoustic vibration modes [9] [10] [11] . However, after considering the size distribution effect in a realistic system, the calculated Raman mode still has an FWHM larger than the experimental one [11, 12] . Furthermore, the complex microscopic details of the shell layer in the NC-embedded system makes theoretical interpretation more difficult. In this work, low-frequency Raman scattering from Ge NCembedded amorphous silica films is investigated. The low-frequency Raman peak, which is not affected by the NC size, is found to depend on the interfacial structure [13] , and a modified core-shell-matrix model is proposed to explain the observed results.
SiO 2 / SiO 2 : Ge: Si/ SiO 2 samples about 3 m thick were prepared on cleaned Si (100) substrates [13] . In our experiment, the Ge and Si chips were placed on a large silica target and then cosputtered using 1 Pa Ar gas at 140 W power and room temperature. The areas of the Ge and Si chips on the silica target were P Ge = 4% and P Si = 0%, 2%, and 3%. Three sets of samples were deposited and then annealed at T a between 750°C and 1000°C in a N 2 ambient for 30 min. The sample morphologies were inspected by high-resolution transmission electron microscopy (HRTEM, JEOL-2010), and the Raman spectra were acquired on a T64000 triple Raman system. Figure 1 (a) depicts the general morphology of the three cosputtered products on the Si (100) substrates. This is a typical HRTEM image showing the NC embedded in the amorphous silica matrix after annealing at 950°C. The spherical NC has 0.325 nm lattices fringes, corresponding to the {111} plane of Ge. A typical Raman spectrum in the range of 10-700 cm −1 is shown in Fig. 1(b) from which it can be inferred that the formed particles are Ge NCs and the data are consistent with those produced by x-ray diffractions [13, 14] . In Fig. 1(a) , the NC is dispersed well in the amorphous matrix, and its size is about 5 nm. In addition, no apparent softer interfacial layer exists between the NC and surrounding amorphous matrix. This indicates that the interface layer has an acoustic impedance between the Ge NC and the SiO 2 matrix, as in the case of Ge x Si 1−x alloy NCs embedded in SiO 2 [15] [16] [17] .
For the sample with P Ge = 4% and P Si = 0%, our previous work has illustrated that the low-frequency Raman peak is dependent on the NC size [13] . However, for the sample with P Si = 2% and 3%, the lowfrequency Raman spectra have different features. Figures 2(a) and 2(b) depict, respectively, the depolarized and polarized Raman spectra from our samples under conditions of P Ge =4%, P Si = 2%, and T a of 750°C to 1000°C. Contrary to previously reported Raman shifts versus NC size [18] , our results reveal that the peak position slightly redshifts from 38.3 to 35.5 cm −1 and no obvious linewidth variation is observed as the NC size increases (increase T a [15, 19] ). Here, it should be mentioned that in borosilicate glass embedded with CdSe nanocrystals, Saviot et al. [20] have also observed a Raman peak at around 38 cm −1 , which is almost independent of the NC size, but the origin of this mode is unclear. As shown in our polarized Raman spectra, each spectrum is composed of two components. Wide peaks centered at ϳ58 cm −1 arise from the transverse acoustic (TA) phonon of Ge NCs. The existence of Si atoms at the NC boundary may slightly modify the frequency of the TA mode [14, 21] . The low-frequency Raman peak in the depolarized and polarized spectra acquired from the samples annealed at T a over 1000°C disappears abruptly. To determine the reason why the Raman peak is independent of the NC size as well as its relationship with the Si content, another sample is fabricated with P Ge =4%, P Si =3%. It is found that at T a over 1000°C [ Fig. 2(c) ], the Raman peak still exists and downshifts to only 26.3 cm −1 . At T a below 1000°C, the Raman spectra are similar to those in Fig. 2(a) .
To seek the origin of the size independence of the surface mode, the polarized and depolarized Raman spectra acquired from the sample annealed at 800°C are deconvoluted in Fig. 2(d) [15, 18] . It is obvious that the double-peak Raman spectrum (curve j) has one peak at 37.3 cm −1 and the other at 56.4 cm −1 . The 56.4 cm −1 TA phonon peak vanishes from the depolarized spectrum. Since the surface acoustic modes depend strongly on the NC size in the case of free NC vibration, we can infer that the observed lowfrequency modes are closely related to the interfacial Ge/Si structure. The Ge NCs may coexist with the interfacial binary GeSi component in which the Ge-Si bonds modify the surface vibration properties of the Ge NC and make the surface mode sensitive to the interfacial Si content. To confirm the presence of the GeSi interface, we present the Raman spectra around the 300 cm −1 Ge-Ge optical phonon in Fig. 1(c) . Each spectrum can be divided into two peaks and the lowenergy peak shows evidence for a GeSi layer on the surface of the Ge NC [22] . We have also further examined the Raman spectra of the Ge-Si vibration mode in the range of 400-450 cm −1 [19, 22] , and the results are shown in Fig. 1(d) . Although the Ge-Si vibration mode at 430 cm −1 is weak, it really exists in all the samples. Since our IR absorption spectra indicate that the matrix is quite similar to that of amorphous Si dioxide [13] and the HRTEM images verify that the embedded NCs are Ge, the GeSi layer associated with the Ge-Si vibration should occur at the interface of the Ge NCs.
Below we use a modified core-shell-matrix model to fit the measured results of the samples with different T a . The derivation details can be found in [4] and [9] . We assume that the shell layer which consists of a 0.53 nm Si layer replaces the interface transition layer of the traditional CF mode [9] [10] [11] 23] . The core and the matrix are still Ge NCs and amorphous SiO 2 , as shown in Fig. 3(d) . The low-frequency Raman spectrum of the Stokes component can be expressed as [24] I͑͒ = ͚ j I j ͑͒ = n͑͒ +1/͚ j g j ͑͒C j ͑͒, where n͑͒ is the Bose factor and C j ͑͒ and g j ͑͒ are the light-vibration coupling coefficient and density of the Labels a, b, c, d , e, f, g, h, and i correspond to T a 750°C, 800°C, 850°C, 900°C, 950°C, 1000°C, 1020°C, 1060°C, and 1100°C, respectively. (a) P Ge = 4%, P Si = 2%, depolarized configuration; (b) P Ge = 4%, P Si = 2%, polarized configuration; (c) P Ge = 4%, P Si = 3%, depolarized configuration; (d) comparison between the polarized (curve j) and depolarized (curve k) Raman spectra of the sample annealed at 800°C. vibrational modes of type j, respectively. The average sound speeds and densities of Ge, Si, and a-SiO 2 can be obtained from our previous work [15] .
The theoretical and experimental values of the energy (peak position) and damping (FWHM) of the low-frequency mode are presented in Table 1 . The calculated results are consistent with the experimental ones. This indicates that this low-frequency Raman mode still originates from the surface vibration of the Ge NCs (only changing the mode index), but it is strongly affected by the interface structure. With increasing T a , the Ge and Si contents in the interface layer diminish while the O content increases. Finally, an amorphous SiO 2 layer ͑Si:O=1:2͒ is produced at 1000°C, leading to the disappearance of the sizedependent low-frequency mode.
Figures 3(a)-3(c) schematically illustrate the shell structure transition from the GeSiO ternary complex to amorphous component induced by annealing. First, in Fig. 3(a) , the evolution of the Ge NCs is inevitably coupled to free Si atoms forming Si-Ge bonds, and this structure is enwrapped by a crystalline Si shell layer. Second, as shown in Fig. 3(b) , with increasing T a , the core/shell Ge/GeSi NCs are oxidized by the carrier gas, and partial Si-Si bonds are inserted with O atoms to form the SiO x structure and eventually the Ge/GeSiO ternary structure. Finally, as indicated in Fig. 3(c) , the original crystalline Si shell layer becomes an entire amorphous SiO 2 layer owing to high T a . The Ge/GeSiO ternary complex structure becomes a Ge NC embedded in a-SiO 2 film and the size-independent behavior of the vibration mode vanishes accordingly.
In summary, our results reveal that the Si content in the NC boundary can modify the interface acoustic impedance to counteract the size dependence of the low-frequency mode. Consequently, the Raman spectra depend strongly on the Si content, and the importance of the interface structure on the optical behavior of NCs is clearly illustrated. 
